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INTRODUCTION 
Instances of iron (Fe) toxicity in bedding plant production are well 
documented for the species of Pelargonium Xhortorum L. H. Bailey and Tagetes 
erecta L . (Biernbaum et al., 1988; Vetanovetz and Knauss, 1989). Commonly , 
growers become concerned with Fe tox icity only when visual symptoms appear . 
However, significant reductions in plant growth can occur before the visual 
symptoms appear and significant damage often has been done before Fe 
toxicity can be identified . 
Further complicating the problem is the increased use of so illess 
growing media containing large amounts of Sphagnum peat that results in a 
lower medium pH and increased Fe availability. The availability of most 
nutrients is altered as the pH changes. Peterson (1983) explored the 
relationship between pH and nutrient availability of floral crops in 
soilless growing media . He found that phosphorus (P) , Fe, manganese (Mn) , 
boron (B) , zinc (Zn), and copper (Cu) availability decreased in amended 
Metro-MixR 300 (Grace-Sierra Chemical Co . Fogelsville , PA) as pH increased 
from 4.32 to 7 . 83. The optimum pH range for nutrient availability in a 
highly organic soilless medi um is 5 .2 to 5.5 , one pH unit lower than the 
optimum for mineral field soils. Increased Fe availability at lower medium 
pH values may lead to possible Fe toxicity problems in Fe - efficient plants . 
A Fe-efficient plant is one that responds to Fe stress by inducing 
biochemical reactions that make Fe more available (Brown, 1978). Some Fe-
efficient pLants continue to forage for Fe beyond that which is required 
for optimal growth . It was not the intent of this research to answer why 
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this occurs but to study Fe toxicity in herbaceous ornamentals by 
correlating foliar Fe concentrations with solution Fe concentrations. A 
suspected nutrition problem observed at Iowa State University in 
Leucanthemum Xsuperbum 'Snow Lady' was thought to be Fe toxicity. A screen 
was conducted on five perennial species to identify which species tested 
developed Fe toxicity when supplied with high concentrations of Fe and to 
document plant symptoms and foliar nutrient concentrations associated with 
high concentrations of Fe in solution . Pelar·gonium was included as a check 
because it often is used as an indicator of Fe toxicity by bedding plant 
producers. 
Follow up experiments were conducted to better understand the nature 
of excessive Fe uptake in Pelargonium by measuring changes in pH, Fe 
concentration in solution , and Fe absorption. The objectives of these 
experiments were to determine if Fe concentration influenced hydrogen ion 
(H+) efflux (pH) and to determine if a biotic factor facilitating 
absorption and uptake of Fe2+ independent of pH existed. 
Explanation of Thesis Format 
This thesis consists of two manuscripts suitable for publication in 
HortScience. A comprehensive literature review and a general summary of 
the research are included. A list of references for the introduction , 
literature review and appendices follows the genera l summary. The 
arrangement of the tables and figures within each paper follows the 
guidelines of the ASHS publication manual. 
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LITERATURE REVIEW 
Iron Chemistry 
Iron is supplied to the root as ferrous (Fe2+) and ferric (Fe3+) ions 
and Fe3+ chelates. In aerated soils within a pH range of 6.5 to 7.0, 
soluble Fe exists primarily as the oxidized highly insoluble Fe3+ ion 
(Marschner, l986a; Olsen and Brown, 1980b) . Iron is taken up primarily as 
Fe2+ combined with an acid ion (Kliman, 1937; Marschner , l986a). Kliman 
(1937) detected the Fe2+ ion in the epidermis of various roots and 
postulated that Fe3+ is reduced to Fe2+ before absorption. According to 
Bienfait (1985), dicotyledonous species reduce Fe3+ chelates at the root 
surface and the resulting Fe 2+ ion is absorbed. 
However, there is a debate as to whether or not Fe must be reduced 
before being absorbed. Longnecker and Welch (1986) stated, "while there is 
no question that the reduction of Fe increases its availability . . . 
there is no unequivocal evidence that the reduction of Fe is necessary for 
the actual transport of Fe across the plasmalemma of plants not suffering 
from Fe-stress or of plants which do not exhibit an Fe-stress response." 
Olsen and Miller (1986) support the idea that the reduction of Fe3+ is a 
supplementary process that enhances Fe absorption under stress conditions 
rather than an obligatory process. Both the growing media and plant 
species affect Fe absorption and use (Brown et al ., 1972 ). The response of 
plants to Fe-stress is considered adaptive. The ability of a plant to 
adapt to Fe-stress is determined by its ability to reduce Fe3+ to Fe2+ 
(Olsen and Brown, l980b). Thus the mechanism of Fe absorption is not only 
subject to environmental controls but also to genetic variation. 
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Iron Deficiency Responses 
An Fe-efficient plant is described as one that responds to Fe 
deficiency stress by inducing biochemical reactions that increase Fe 
availability (Brown, 1978). These reactions include: 1) release of H+ ; 2) 
enhanced reduction by a plasma-membrane bound reductase; 3) release of 
reductants; 4) increase in endogenous concentrations of organic acids; 5) 
secretion of phytosiderophores; or 6) morphological changes in roots 
(Bienfait, 1985; Brown , 1978; Longnecker and Welch, 1986; Marschner, 1986b; 
Marschner et al., 1986 ; Olsen and Brown, 1980a; Romheld, _1987; Romheld and 
Marschner, 1979) Often these reactions work in conjunction with one 
another in a cooperative system. 
Release of H+ 
The most explained and examined response to Fe deficiency is the 
release of H+ or a lowering of the rootzone or medium pH . This response 
works in conjunction with most of the other Fe deficiency responses. 
Lower pH favors increased Fe solubility. For mineral soils at pH 
levels above 4.0, the solubility of Fe3+ decreases a thousandfold for each 
unit increase in pH (Latimer, 1952). However, the capacity of the root to 
lower the pH of its environment is well documented in preferential cation 
uptake studies. For example, excretion of protons in exchange for K+ and 
NH4+ ions that are absorbed is well documented (Bienfait, 1985; Epstein, 
1972 ; Hewitt and Smith, 1974) . Bienfait (1985) explained that the pH 
decrease induced by Fe shortage occurred under conditions where Fe-
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sufficient plants had raised the pH as a consequence of No 3 - uptake in 
exchange for OH- excretion. 
In addition to increased solubility of Fe3+, rhizosphere 
acidification is believed to enhance Fe uptake through the stimulation of 
the plasma-membrane bound reductase (Brown and Jones, 1976; Marschner et 
al., 1986; Romheld, 1987). Romheld (1987) stated that high pH values 
impair net Fe3+ reduction due to inhibited reductase activity and 
autooxidation of Fe2+. Romheld and Marschner (1983) showed that the 
reducing capacity of peanut roots increased by a factor of 20 when the pH 
of the nutrient solution was decreased from 7 . 5 to 5 . 5. Marschner et al. 
(1986) stated that higher rates of Fe 3+ chelate reduction were seen in 
. areas of increased H+ .extrusion. However, acidification and reduction are 
subject to different regulatory influences. Bean plants, kept in an 
apparatus in which the Fe reducing capacity of the roots and the pH of the 
medium were monitored, showed increased Fe reducing capacity that was not 
parallel to increased acidification of the surrounding medium (Bienfait et 
al., 1982a) . The reducing capacity developed gradually while the capacity 
of the roots to change the pH of the medium occurred in pulses. 
Lower pH also enhances the release of reducing substances due to 
increased membrane permeability and leakiness of root membranes. Olsen et 
al. (1981) noted two detectable changes in the nutrient solution induced by 
Fe-efficient tomatoes; a decrease in pH accompanied by reductant release. 
The pH drop induced substantial leakage of reductant in both Fe-efficient 
and Fe-inefficient tomatoes. However, the amount of reductant released by 
the Fe-inefficient tomatoes was about one tenth as much as that released 
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from the Fe-efficient tomatoes . The f ailure of the inefficient plants to 
produce reductants was due to a lack of metabolic precursors (aromatic 
compounds) . Olsen et al. (1981) stated that pH is a controlling factor in 
the release of reductants but is not the only factor . A simul taneous 
lowering of the pH usually but not always occurs when Fe-efficient plants 
release reductants in response to Fe-stress (Olsen and Brown , 1980b) . 
Membrane integrity is important in Fe3+ reduction. Lower pH tends to 
change membrane integrity . Current debate centers on whether reduced 
membrane integrity increases Fe reduction through the efflux of reductants 
or decreases Fe reduction due to a decreased rate of transfer of electrons 
to the plasma-membrane bound reductase. Olsen and Bro~ (1980a) and Olsen 
et al. (1981) suggested that the main Fe reduction pathway is through 
secreted reductants (a source of electrons for Fe reduction in the 
rhizosphere) while Bienfait et al . (1982b), Chaney et al.(l972) , and Lang 
et al . (1990) suggested that the main pathway of Fe3+ reduction is by a 
membrane bound enzyme with reducing compounds within the cell supplying the 
electrons . With a membrane bound enzyme system, the released reductants 
are proposed to be chelators of Fe3+. Barret-Lennard et al . (1983) damaged 
the plasma-membrane of peanut roots with acid and noted a release of 
reducing compounds but no increase in reduction of Fe3+. They concluded 
that the increased efflux of reductants did not necessarily increase Fe 3+ 
reduction. They further proposed that reduced membrane integrity might 
decrease rates of Fe3+ reduction by 1) decreased affinity of Fe 3+ reductase 
for Fe3+ or 2) increased leakage of internal reductants necessary for the 
transfer of electrons to the plasma-membrane bound reductase enzyme. 
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Enhanced Fe3+ reduction by a plasma-membrane bound reductase 
There is considerable evidence to support the existence of a plasma-
membrane bound reductase system. Chaney et al. (1972) reported large 
amounts of reducing compounds in the nutrient solution of soybeans placed 
under Fe-stress , but that these reductants reduced Fe3+ chelates very 
slowly. Similarly, Lang et al. ( 1990 ) reported that for both Ficus 
benjamina and Dracaena mar~inata the amount of reductants released by the 
roots was minimal compared to the amount of reduction observed in the 
presence of the roots . Romheld and Marschner (1983) noted a substantial 
increase in the release of reductants from Fe-deficient peanut roots at pH 
values lower than 4.5. However, the observed rate of release of reductants 
into the nutrient solution would have had to be 200 times higher to attain 
the reduction rates of the Fe-deficient peanut roots . They concluded that 
it was unlikely that the release of reductants was responsible for Fe 
reduction, supporting the idea of enzymatic reduction of Fe3+ by the 
plasma-membrane. 
The roots of dicots and some monocots reduce Fe3+ chelates at 
appreciable rates. Bienfait (1985) stated, "upon development of Fe 
deficiency this reduction capacity increases gradually . " It has been 
postulated that this enzyme system on the plasma-membrane i s capab l e of 
transferring electrons to chelated Fe3+ at the roo t surface (Bienfait , 
1985; Chaney et al . 1972). Chaney et al. (1972) proposed that chelated 
Fe3+ is reduced to chelated Fe2+ and that the chelated Fe2+ i f not 
' 
oxidized , can dissociate to free Fe 2+ and chelate . 
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Release of reductant~ 
For certain plants growing under Fe-stress conditions , large amounts 
of reducing compounds have been observed accumulating in the nutrient 
solutions. However , the role of these reducing compounds still is being 
debated. Two possible roles of secreted reductants are : 1) chelators of 
Fe 3+ in the rhizosphere (Barret-Lennard et al ., 1983) or 2) source of 
electrons for Fe reduction (reductant is oxidized) (Olsen and Brown , 1980a; 
Olsen et al. , 1981). 
Olsen and Brown (1980a) tentatively identified the r eductant lost 
from the roots of Fe-efficient dicots as an organic acid compound with 
oxidizable phenolic OH groups . Olsen et al. (1981) consider the most 
likely reducing compounds in tomato to be caffeic acid and chlorogenic 
acid. Hether et al. (1984) identified chlorogenic acid as a primary 
component of reductants excreted during stress by tomato and sunflower. 
Similarly, Romheld and Marschner (1983) reported an increase in the release 
of caffeic acid (dominant phenolic) in Fe-defi cient peanuts . However, they 
stated that phenolics were less effective in reducing Fe from FeEDTA than 
the roots of the Fe-deficient peanuts and that in order for the reductants 
to reduce chelated Fe3+ , there first had to be chelate dissociation. The 
phenolic compounds appear to be more effective at higher pH values (pH 
optimum of 8) as the result of lower chelate stability . However, Romheld 
and Marschner (1983) observed that Fe reduction had a pH optimum of 
approximately 5 . 0 . 
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Increased endogenous concentrations of organic acids 
Brown et al. (1972) observed increased endogenous concentrations of 
organic acids (especially citrate) in the roots of Fe-efficient plants. It 
has been proposed that citrate as well as other organic acids function in 
the translocation of Fe in the plant and that they chelate Fe within the 
plant. Brown (1978) reported that when Fe concentration within the plant 
increased, citrate increased. Conversely, a decrease in Fe was accompanied 
by a decrease in citrate. Tiffin and Brown (1962) identified malic acid 
and malonic acid as Fe chelating agents in soybean. They stated that the 
organic acids seem to function in the translocation of Fe in the plants. 
Iron-deficient plants usually contain higher concentrations of malic acid 
and citric acid than Fe-sufficient plants (DeKock and Morrison, 1958). 
Secretion of phytosiderophores 
Iron efficient dicotylendonous and nongraminaceous species typically 
enhance Fe absorption through enhanced reduction of Fe 3+ by plasmalemma-
bound reductase, H+ excretion, and/or release of reductants (Strategy I) 
whereas, graminaceous species secrete phtyosiderophores (Strategy II) 
(Marschner, 1986b; Marschner et al., 1986; Romheld, 1987). Iron stress 
enhances the release of phytosiderophores (specific, Fe3+ chelating agents) 
that mobilize sparingly soluble inorganic Fe3+ compounds. Reduction is of 
marginal importance (Marschner, 1986b; Marschner et al., 1986). Uptake of 
Fe3+ in grasses is regulated mainly through the rate of release of 
phytosiderophores. In addition to their increased release during Fe stress 
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situations, phytosiderophores also are released on a diurnal schedule, a 
few hours after the light period begins (Marschner et al., 1986). The 
release of phytosiderophores is only slightly depressed by high pH 
situations and the process is less pH dependent than other response 
mechanisms (Marschner, l986a; Marschner et al . , 1986; Romheld, 1987). 
Phytosiderophores have been identified as compounds such as mugineic 
or avenic acid (hydroxy and amino substituted iminocarboxylic acids) 
(Romheld, 1987). These compounds are chemically related to nicotianamine 
(an amino acid occurring in higher plants) (Romheld , 1987). The amino acids 
form very stable complexes with Fe3+ (Marschner, l986a) . Phytosiderophore-
chelated Fe 3+ molecules are absorbed at high rates as the entire chelate 
molecule (Romheld, 1987). 
Morphological changes of roots 
Changes in the morphology and physiology of the roots often accompany 
changes in the mobilization of Fe3+ . Rosenfield et al. (1991) reported 
that Fe stress stimulated the development of a clustered root morphology in 
Ficus benjamina associated with enhanced Fe reducing ability. Romheld and 
Marschner (1979) noted an increased size of the cortex and rate of cell 
division in sunflower roots as well as a proliferation of root hairs . 
Marschner (l986a) listed these changes in the morphology of roots under Fe 
stress: inhibition of elongation, increased diameter of apical root zones, 
abundant root hair formation, and increased number of rhizodermal transfer 
cells in the apical root zones. The rhizodermal transfer cells are 
ll 
characterized by high metabolic rates and are believed to be the possible 
sites of H+ release and phenolic reductant release (Marschner, l986a) . 
Competitive Ions 
Often the uptake of Fe is affected by other ions. Hewitt (1953) 
studied the effects of heavy metals in toxic concentrations on the growth 
of plants in relation to Fe and Mn nutrition. He found that several heavy 
metals may induce symptoms of Fe deficiency. Copper consistently induced 
Fe deficiency while some other metals (cobalt and nickel) induced effects 
that were not typical of Fe-deficiency. Hewitt (1953) conclude~ that 
several heavy metals may induce symptoms of Fe deficiency more readily than 
Mn. 
Organic acids are believed to function in the translocation of Fe in 
the plant. Lingle et al . (1962) proposed that an interfering ion (Mn, Cu, 
Zn, or Ca) may take the place of Fe in the malic, malonic or citric acid 
complexes and this may be one way metals interfere with translocation of 
Fe. They reported that Cu at lower concentrations stimulated Fe uptake 
while Cu at concentrations within the range of 1 x lo-7 to 5 x 10-6 M 
interfered with Fe uptake. They also found that Zn interfered strongly 
with Fe uptake and that Ca, K, and Mg must be present in high 
concentrations to interfere with Fe uptake . 
Those ions known to have competitive effects with Fe in plant uptake 
and translocation are cu2+, zn2+, Mn2+, H2Po4- I K+, ca2+, and Mg2+ (Hewitt, 
1948; Hewitt, 1966). Therefore, when Fe is present at high concentrations, 
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these ions are often found in reduced concentrations in the foliage of 
plants. 
Iron Toxicity 
Certain Fe-efficient plants continue to forage for Fe beyond that 
required for growth. An element is considered toxic when with an increase 
in dose a yield decrease occurs without an imbalance in any other essential 
element being the cause (Berry and Wallace, 1981). 
Benckiser et al. (1984) studied the hypothesis that Fe toxicity in 
wetland rice was the result of multiple nutritional stress (deficiencies in 
P, K, Ca, and Mg) . Typically, anaerobic soils are low in amounts of P, K, 
Ca, and Mg. Well nutrified actively growing wetland rice protects itself 
from excessive Fe uptake by Fe-oxidizing and precipitation reactions . A 
balance between Fe oxidation and reductive dissolution of Fe 3+ oxides close 
to the root surface enables the plant to prevent excessive Fe uptake . 
Seedling geraniums and African-type marigolds are considered 
sensitive to Fe toxicity problems (Biernbaum et al., 1988 ; Vetanovetz and 
Knauss, 1989). Iron toxicity also has been diagnosed on Impatiens Xhawkeri 
Bull., Pelargonium Xhortorum cuttings, Impatiens Xwallerana Hawk. f., 
Catharanthus roseus (L.) G.Don and some species of Brassaia (Vetanovetz and 
Knauss, 1989). 
Vetanovetz and Knauss (1989) described the symptoms of iron toxicity 
as appearing initially on mature leaves as a slight chlorotic 'speckling' 
that develops into necrotic spotting and necrosis of leaf margins. 
Biernbaum et al. (1988 ) described symptoms on geranium as an interveinal 
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striping and leaf necrosis . For marigold, the symptoms include leaf 
chlorosis and/or bronze spotting of the leaf. In both cases, the plants 
are stunted and flowering is delayed . 
Vetanovetz and Knauss (1989) stated that the cause of Fe toxicity in 
these plants can be attributed to too much available Fe from low medium pH , 
commonly due to nitrogen fertilizer sources and contaminated water sources. 
Biernbaum (1991) reported that geraniums grown at pH 6 . 25 to 7. 0 · 
showed no abnormal foliar symptoms and had normal foliar Fe concentrations 
of 70 to 200 ~g·g-1 Fe (normal foliar Fe concentrations range from 100 to 
250 ug·g-1 Fe, Biernbaum et al. 1988) However, geraniums grown at pH 4 , 
4.75, and 5.5 exhibited interveinal chlorosis and had foliar Fe 
concentrations of 500 to 1500 ug·g-1 Fe and foliar Mn concentration of 300 
to 1200 ug·g-1 Mn. These levels are considered toxic (400 to 600 ug·g-1 
Fe, symptom expression and decreased growth; 1200 to 2500 ug·g-1 Fe, severe 
toxicity, Biernbaum et al., 1988). There was no significant effect of 
medium or liquid feed Fe levels (amount of fertilizer) on the foliar 
symptoms observed or shoot Fe concentrations measured . He concluded that 
pH not the amount of Fe fertilizer applied was responsible for the symptoms 
observed and the high concentration of Fe in the foliage. 
Summary 
Studies have shown that many mechanisms are at work in the 
mobilization, absorption, and translocation of Fe in Fe-efficient plants. 
These mechanisms work in conjunction with one another to supply the plants 
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with adequate concentrations of Fe. Iron toxicity does not necessarily 
~epend on the amount of Fe in the medium in which the plants are growing, 
but depends more on the ability of the plant to mobilize Fe and translocate 
it from the root to the shoot. 
Iron toxicity in herbaceous perennials has not been well documented 
or explored. Preliminary findings have shown that certain species may be 
susceptible to Fe toxicity (they are efficient absorbers of Fe). 
Similarly, little research has been conducted on Fe toxicity with Fe-
efficient plants other than identifying the Fe-efficient species and giving 
fertilizer and pH recommendations. 
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PAPER I. RESPONSES OF HERBACEOUS PERENNIALS AND GERANIUM 
TO HIGH CONCENTRATIONS OF IRON 
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ABSTRACT 
Leucanthemum Xsuperbum 'Snow Lady' and 'Alaska' , Pelargonium 
Xhortorum 'Red Elite' , and 3 other perennial species were watered twice 
daily for 46 days with modified Hoagland's solution No . 2 containing either 
0.00, 0.02, 0 . 04 , 0.08, 0.16, and 0.32 mM Fe as FeEDTA . Only Pelargonium 
accumulated toxic foliar Fe concentrations and showed classic Fe toxicity 
symptoms . Less than average foliar concentrations of Mn were observed in 
all species except Pelargonium. Copper was below normal (5 ug·g-1) in all 
of the Aguilegia plants except the 0 . 00 and 0.02 mM Fe treated plants . 
High concentrations of B (greater than 100 ug·g-1) were reported in the 
foliage of all of the Achillea plants regardless of treatment . The foliar 
symptoms observed on the perennials were unrelatable to one specific ion , 
but due to multiple nutritional stresses placed on the plants. The high 
concentrations of Fe appeared to induce nutrient imbalances rather than Fe 
toxicity in the perennials. 
Additional index words. Pelargonium Xhortorum Bailey, Leucanthemum 
Xsuperbum cvs. Snow Lady and Alaska, Achillea filipendulina Lam. 'Parker's 
Gold' , Aguilegia Xhybrida Sims 'Bierdermeier', Dianthus Xallwoodii Hort. 
Allw. 'Doris' 
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INTRODUCTION 
Production of herbaceous perennials is a growing industry. A survey 
of the members of the Professional Plant Growers Association reported that 
perennials are one of the planned increase items for sale in 1992 (Voight, 
1991). With increased demand, growers are placing more emphasis on proper 
perennial nutrition. Proper nutrition is the correlation of optimal foliar 
nutrient concentrations with maximum growth. Often, growers rely on 
standardized fertilizer recommendations instead of being concerned with 
optimal nutrition. They only become concerned with nutritional problems 
when symptoms appear. However, significant reductions in plant growth 
often occur before the visual symptoms appear. 
The ability of a plant to respond to Fe deficiency depends on its 
ability to reduce Fe3+ to Fe2+ (Olsen and Brown, 1980) . An Fe-efficient 
plant is one that responds to Fe deficiency stress by inducing biochemical 
reactions that increase Fe availability (Brown, 1978). Increased Fe 
availability may lead to toxicity problems in certain Fe-efficient plants 
that continue to forage for Fe beyond that required for optimal growth. 
Complicating the problem of Fe toxicity is the increased use of 
soilless growing media containing large amounts of Sphagnum peat, resulting 
in a lower medium pH . At lower pH values, Fe is more soluble and more · 
available. Latimer (1952) stated that at pH levels above 4.0, the 
solubility of Fe decreases a thousandfold for each unit increase in pH. 
Iron toxicity is well documented in the Fe-efficient bedding plant 
species Pelargonium Xhortorum L.H. Bailey and Tagetes erecta L. A 
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suspected nutrition problem observed at Iowa State University in 
Leucanthemum Xsuperbum 'Snow Lady' was thought to be Fe toxicity. 
The objectives of this study were to identify the susceptibility of 
various herbaceous perennials to Fe toxicity when supplied with high 
concentrations of Fe in solution and to determine what concentrations of Fe 
were toxic by documenting plant symptoms and growth as well as foliar 
nutrient concentrations associated with high solution concentrations of Fe. 
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MATERIALS AND METHODS 
Five perenn~al species (Leucanthemum Xsuperbum 'Snow Lady', 1. 
Xsuperbum 'Alaska', Achillea filipendulina Lam. 'Parker's Gold' , Aguilegia 
Xhybrida Sims 'Bierdermeier', and Dianthus Xallwoodii Hort . Allw . 'Doris') 
and Pelargonium Xhortorum L.H. Bailey 'Red Elite' were grown in a soilless 
medium before being transplanted into the sand culture system used in this 
study . Pelargonium was included because of its reported susceptibility to 
Fe toxicity (Biernbaum et al . , 1988 and Vetanovetz and Knauss, 1989) . 
Before transplanting, roots were washed in distilled-deionized water 
by dunking and swirling the roots in the water six times. The plants were 
then placed into nursery pots (11 . 5 cm2 by 9.5 em tall, with a volume of 
735 ml manufactured by Zarn , Inc., Reidsville, NC) lined with fiberglass 
screen and filled with grade 16 washed silica sand (Unimin Corp . LeSeuer, 
MN). Plants were watered twice a day with a modified Hoagland's No. 2 
solution containing 0 . 02 mM Fe before treatments were begun to insure that 
all of the plants were actively growing . 
Two weeks after transplanting, Fe treatments of 0.0, 0.02 , 0.04, 
0.08, 0.16, and 0.32 mM Fe supplied as FeEDTA (ethylenediamine tetraacetic 
acid) in modified Hoagland's No. 2 solutions commenced. Treatments were 
applied twice daily for 46 days. Plants were arranged in a randomized 
complete block design with four replicates per treatment species 
combination. An EDTA control was run simultaneously to determine the 
effect of high concentrations of EDTA when supplied to the plants as 0.02, 
0.08, or 0 . 32 mM EDTA with 0.02 mM Fe as Fe citrate. The symptoms observed 
on the plants grown with the high concentrations of EDTA in solution were 
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different from those observed on the plants grown with high concentrations 
of Fe in solution. Therefore, the data is not presented. 
Plants were grown from 4 March 1991 to 18 April 1991 under greenhouse 
conditions of 23C dayj20C night (± SC) and 50% to 85% RH in the spring 
(natural daylength, 13 h.) . Plant height and leaf number were determined 
1, 10, 29, and 46 days after treatments were started . Plant shoots were 
observed throughout the experiment for the symptoms of nutrient deficiency 
and toxicity . At the termination of the experiment, shoot and root dry 
weight were measured. Dried shoots were ground to pass through a 40 mesh 
screen and then sent to the Agricultural Analytical Services Laboratory at 
Penn State University (University Park , PA) for complete elemental analysis 
using an inductively coupled plasmaspectrophotometer (ICP) and a Kjeldahl N 
test. Differences in species, Fe concentrations (treatments), and species 
by treatment interactions were analyzed by analysis of variance. 
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RESULTS AND DISCUSSION 
The six species tested were significantly different in all growth 
parameters measured (Table 1) as well as in all foliar nutrient 
concentrations (Table 2). Considering the diversity of the species tested, 
this was expected. 
The first indication of physiological disorder was observed 15 days 
after treatments commenced as foliar abnormalities on Pelargonium. 
Chlorotic speckling and marginal leaf necrosis· were first observed on the 
mature leaves of the Pelargonium plants treated with 0 . 08, 0.16 , and 0.32 
mM Fe. Vetanovetz and Knauss (1989) generally described the symptoms of Fe 
toxicity as slight chlorotic 'speckling' that can dev·elop into necrotic 
spotting and necrosis of leaf margins of mature leaves. At the t ermination 
of the experiment, all of the Pelargonium plants except the 0 . 00 mM treated 
plants showed some form of speckling and had foliar Fe concentrations that 
were 350 ug·g-1 or greater (Figure 1). Foliar Fe concentrations of 400 to 
600 ug·g-1 are associated with symptom expression and decreased growth 
(Biernbaum eta~., 1988) . 
Chlorotic speckling, similar to that observed on Pelargonium , was 
observed on the Leucanthemum Xsuperbum 'Alaska' plants treated with 0 . 16 mM 
Fe. High foliar concentrations of Fe also were observed in this species 
(Figure 1). Other species tested had normal foliar Fe concentrations and 
foliar symptoms that were not characteristic of Fe toxicity. 
All of the perennials tested had less than average foliar Mn 
concentrations while Pelargonium had normal foliar Mn concentrations 
(Figure 2). Biernbaum et al. (1988) reported that normal foliar 
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concentrations of Mn range from 100 to 250 ug·g-1 Mn while Epstein (1972) 
reported normal foliar Mn concentrations as 50 ug·g-1. On the average, Mn 
concentrations decreased as Fe concentrations in solution increased for all 
of the species tested (Figure 2). The ability of high concentrations of Mn 
to induce Fe deficiency and high concentrations of Fe to induce Mn 
deficiency is well documented (Hewitt, 1948 ; Hewitt, 1953; Nelson, 1985). 
However, it cannot be concluded that the high concentrations of Fe in 
solution induced only Mn deficiency in the perennials because other ions 
also are knowri to have competitive effects with Fe . Nelson (1985) 
described Mn deficiency symptoms as interveinal chlorosis on young leaves. 
The only species to exhibit interveinal chlorosis on young leaves was 
Aguilegia. However, interveinal chlorosis on young leaves also is 
characteristic of Cu deficiency (Nelson, 1985). Low concentrations of Cu 
were observed in the foliage of Aguilegia (Table 3). Copper was below 5 
ug·g-1 in all of the Aguilegia plants except the 0.00 and 0.02 mM Fe 
treated plants. 
Orange-brown to reddish-brown necrosis observed along the leaf 
margins of mature Achillea leaves (typical of B toxicity , Nelson, 1985) 
reflects the high concentrations of B reported in the foliage (Table 3). 
Boron concentrations were greater than 100 ug·g-1 in all of the Achille·a 
plants regardless of treatment. The other species tested did not show any 
distinguishable symptoms. 
Further indication of physiological disorder from high concentrations 
of Fe was observed as differences in plant height and number of leaves at 
the termination of the experiment (Table 4). For all of the species , 
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height and number of leaves increased with time, indicating growth. There 
was no difference in height and number of leaves among the Fe treatments. 
However, a trend was observed where plant height and number of leaves was 
the highest at 0.04 or 0.08 mM Fe in solution, depending on the species 
(Table 4). Solution Fe concentrations greater than 0 . 04 or 0 . 08 resulted 
in slightly smaller plants, following a typical dose response curve with a 
toxicity threshold ranging from 0 . 04 to 0.08 mM Fe in solution. According 
to Berry and Wallace (1981) the toxicity threshold is the lowest 
concentration of toxicant at which an additional dose causes a yield 
decrease. 
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CONCLUSIONS 
For the perennials and Pelargonium grown in this study, Fe 
concentrations greater than 0.04 to 0 . 08 mM Fe were detrimental. For an 
element to be toxic, an increase in its dose must result in a yield 
decrease without an imbalance in any other element being the cause of the 
decrease (Berry and Wallace, 1981). A yield decrease associated with a 
resulting ion imbalance is an induced deficiency instead of toxicity . I r on 
toxicity does not necessarily depend on the amount of Fe in the growing 
medium, but on the ability of the plant to mobilize and translocate Fe. 
None of the perennials developed Fe toxicity as a result of high 
concentrations of Fe, but rather the high concentrations of Fe induced 
other nutrient imbalances. The observed symptoms were unrelatable to one 
ion specifically, but due to multiple nutritional stresses placed on the 
species tested. 
Pelargonium did develop Fe toxicity. As Fe concentration in solution 
increased, foliar Fe concentrations increased. The only Pelargonium plants 
that had normal foliar concentrations of Fe and showed no foliar symptoms 
were the plants treated with 0.00 mM Fe. This is in agreement with other 
researchers conclusions that Pelargonium is an Fe-efficient plant with an 
Fe absorbing mechanism that forages for Fe beyond that required for optimal 
growth (Biernbaum et al., 1988; Vetanovetz and Knauss, 1989). 
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Table 1. Probability> F values to determine significance of species , Fe 
concentration, day and their interactions on the measured 
growth parameters 
Species 
Fe Concentration 
Species X Concentration 
Day 
Day X Concentration 
Day X Species 
Day X Species X Cone . 
zFor days 1, 10, 29 , and 46. 
Shoot 
Dry 
Weight 
0.0001 
0 . 2665 
0.3609 
Root 
Dry Heightz Leaf 
Weight No . z 
0.0001 0.0001 0.0001 
0.2373 0.2616 0 . 7788 
0.4232 0.6543 0 .7 656 
0.0001 0.0001 
0.9633 0 . 5172 
0.0001 0.0001 
0.9929 0. 7702 
Table 2. Probability > F values to determine the significance of species, Fe concentration, and 
species X concentration interaction for foliar nutrient concentrations 
N p K Ca Mg Mn Fe Cu B Zn 
Species . 0001 .0001 . 0001 . 0001 . 0001 .0001 . 0001 .0001 .0001 . 0001 
Fe 
Concentration . 9474 .0004 .0957 . 0068 .0001 . 0001 .0008 .0051 .0206 .0001 
Spe~ies X 
Concentration . 8336 .0035 .3796 .0020 .0001 .0182 . 0069 .0420 . 0705 .0015 
Na 
.0001 
.0249 
.6768 
N 
\0 
Table 3 . Foliar nutrient concentration means (averaged for the six Fe treatments) for each species 
tested 
% ug·g-1 
N p K Ca Mg Mn Fe Cu B Zn Na 
Leucanthemum 4 . 49 1. 88 7.46 1. 26 0.41 95.2 215 . 8 12 . 9 60.5 69 . 3 474.1 
. ' Snow Lady' 
Leucant hemum 4. 38 1. 51 7.26 1. 27 0.45 100.4 256.3 6 . 3 67.9 47 . 5 462 .. 3 
'Alaska' 
Ach i llea 4 . 97 1.14 5 . 15 1. 51 0.61 79.6 164 . 2 6.6 119.6 41.2 184.9 
'Parker's Gold' 
Agu ilegia 4.24 0 . 69 4. 74 0 . 97 0 . 30 58 . 9 180 . 7 4.4 69 . 4 29 . 9 181.0 
'B i erderme i er' 
D!,ant hus 2 . 97 0.53 3.65 1.08 0.35 46.3 165 . 8 7.5 58.3 41.3 905.1 
' Dor is' w 
0 
Pelargonium 3. 92 0.83 4.41 2 . 35 0 .46 131.5 462.2 7 . 2 6S . 7 42.4 1478.9 
' Red Elite' 
LSD (0 . 05) 0 . 48 0.13 0.33 0 . 10 0 . 03 10.8 83.5 1.2 6 . 7 4 . 0 15S.8 
Nor mal Rangez 1. so 0.20 1.00 0 . so 0 . 20 50.0 100.0 5 . 0 lS . O lS.O 200.0 
t o to to to to to to to to to to 
5 . 00 1. 20 5 . 00 5.00 1.00 100 . 0 300.0 15.0 100.0 75 . 0 2000'. 0 
2 Bi ernbaum e t al. (1988); Epstein (1972); Hewitt and Smith (1974) . 
Table 4. Mean height (em) and number of leaves averaged for days 1, 10, 29 and 46 for each species 
tested as influenced by Fe concentration (n - 16) 
SpeciesY 
Leucanthernurn 
'Snow Lady' 
Leucanthernum 
'Alaska' 
Growth 
Parameter 
Mean 
Height 
Leaf No. 
Mean 
Height 
Leaf No. 
Achillea Mean 
'Parker's Gold' Height 
Aguilegia 
'Bierderrneier' 
Dianthus 
'Doris' 
Pelargonium 
'Red Elite' 
Leaf No. 
Mean 
Height 
Leaf No . 
Mean 
Height 
Leaf No. 
Mean 
Height 
Leaf No . 
0.00 
4.9 
33 . 0 
8.2 
31.0 
18.8 
34 . 0 
7 . 3 
8 . 0 
14.0 
24.0 
8.1 
9 . 0 
0 . 02 
5.1 
27.0 
10.0 
32 . 0 
19.0 
44 . 0 
6 . 1 
8.0 
16 . 5 
30.0 
9 . 3 
12.0 
Fe Concentration in Solution (mM)z 
0 . 04 
4.8 
21.0 
10 . 1 
37.0 
19 . 0 
44 . 0 
6.8 
7.0 
16.9 
25.0 
10.7 
12.0 
0 . 08 
5.4 
29.0 
8.0 
36.0 
17.6 
40.0 
7 . 9 
9 . 0 
18.9 
31.0 
8 . 4 
12 . 0 
0 . 16 
4 . 7 
28.0 
8.4 
26 . 0 
16 .6 
39.0 
6.5 
8.0 
16.1 
31.0 
7.9 
10 . 0 
zrron concentration in solution was nonsigni f icant for height and leaf number. 
Yspecies was significant a t P - 0.05 . 
0.32 
4.8 
30.0 
7.8 
29 . 0 
20 . 2 
44 . 0 
6.7 
8.0 
16 . 5 
29.0 
7.3 
10.0 
w 
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ABSTRACT 
Pelargonium Xhortorum 'Red Elite' was grown in a modified Hoagland's 
No. 2 solution containing either 0.02, 0.08 or 0.32 mM Fe as FeEDTA 
(ethylenediamine tetraacetic acid) . There was no difference in plant 
height, root length, leaf number, and shoot and root dry weight among the 
treatments. However, decreases in pH were reported that were different 
among the treatments. At the higher concentrations of Fe in solution, 
lower pH values were measured as well as higher foliar Fe concentrations in 
the plants grown in those solutions. A second experiment was run in which 
Pelargonium was grown in modified Hoagland's solution containing 0 . 16 mM 
Fe. A similar drop in pH was observed as in experiment 1. The observed 
drops in pH in both experiments were the result of preferential Fe uptake. 
However, it cannot be concluded if an Fe solubilizing mechanism also was 
functioning because Fe was supplied to the plants in a soluble form. 
Additional index words. Pelargonium Xhortorum L.H. Bailey, iron toxicity. 
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INTRODUCTION 
Instances of iron (Fe) toxicity are well documented in seedling 
geraniums (Pelargonium Xhortorum Bailey) in that they are very efficient at 
accumulating Fe, often accumulating toxic quantities of Fe when Fe is 
readily .available (Biernbaum et al, 1988; Vetanovetz and Knauss , 1989). 
Vetanovetz and Knauss (1989) attribute the development of Fe toxicity in 
Pelargonium to too much available Fe that results from low medium pH . Low 
medium pH is attributed to the use of N fertilizer sources, contaminated 
water sources, and increased use of .soilless growing medium containing 
large quantities of Sphagnum peat. 
Iron-efficient plants respond to Fe deficiency by inducing 
biochemical reactions at the root surface that increase Fe availability 
(Brown, 1978). The plants utilize several biochemical reactions that often 
work in conjunction with one another . These reactions include: 1) release 
of H+; 2) release of reductants; 3) enhanced reduction of Fe3+ by a plasma-
membrane bound reductase ; 4) increase in endogenous concentrations of 
organic acids; 5) secretion of phytosiderophores; or 6) morphological 
changes in roots (Bienfait, 1985 ; Brown, 1978 ; Marschner et al., 1986 ; 
Olsen and Brown, 1980; Romheld, 1987). 
For Fe-efficient plants grown under Fe-defic ient situations, rates of 
H+ extrusion are higher than under normal conditions. Romheld et al. 
(1984) observed in sunflowers H+ extrusion rates of 5.6 micromoles H+ per 
gram of fresh weight per h. This was much higher than the rates of H+ 
extrusion in relation to preferential cation uptake (between 1.8 and 3 .6 
micromoles H+ per gram fresh weight per h). The question arises as to 
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whether or not higher rates of H+ extrusion occur when an Fe-efficient 
plant is placed in an Fe sufficient situation. The objective of this study 
was to better understand the nature of excessive Fe uptake in Pelargonium 
by measuring changes in pH and Fe concentration in solution and the 
foliage. Specifically, the objectives were to determine if Fe 
concentration in solution influenced pH (H+ efflux) and to monitor pH and 
Fe absorption at a high concentration of Fe. 
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MATERIALS AND METHODS 
Experiment 1: Daily pH responses to 0.02, 0.08, or 0.32 mM Fe 
in solution 
Pelargonium Xhortorum 'Red Elite' seeds obtained from Ball Seed 
Company (West Chicago, IL) were germinated in grade 16 silica sand and were 
watered daily with half strength modified Hoagland's solution No . 2 with no 
Fe. When the seedlings were approximately 5 em tall with at least 4 
leaves, they were transferred to 500 ml mason jars containing full strength 
modified Hoagland's solution No . 2 (0 . 5 mM Mn and 0 . 02 mM Fe as FeEDTA). 
The plants were supported by 70 mm diSPo foam plugs and given continuous 
aeration with renewal of the nutrient solution every 7 days. 
Treatments commenced on 24 February 1992, after the plants had 
acclimatized to the hydroponic system (14 days) . The three Fe 
concentrations of 0 . 02, 0 . 08, and 0 . 32 mM Fe as FeEDTA (ethylenediamine 
tetraacetic acid) in Hoagland's solution No . 2 with 0.5 mM Mn were 
replicated four times and the plants were arranged in a completely 
randomized design. The experiment was conducted for 14 days with renewal 
of the nutrient solution on day 7 . 
Height , root length, and number of leaves were measured l , 8 , and 14 
days after treatments were started and pH was measured daily. At the 
termination of the experiment, shoot and root dry weight was recorded. The 
shoot material was cleaned with a 5 second soak of 0.01 N HCl followed by 2 
rinses of distilled-deionized water . After the shoot material was dried, 
it was ground to pass through a 40 mesh screen and sent to the Agricultural 
Analytical Services Laboratory at Penn State University (University Park, 
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PA) for complete elemental analysis using an inductively coupled 
plasmaspectrophotometer (ICP). Differences in treatment , day, treatment by 
day interaction, and between solution renewal were determined using 
analysis of variance . 
Experiment 2: Daily pH and Fe absorption responses to 0 . 16 mM Fe 
in solution 
Pelargonium Xhortorum 'Red Elite' seed was germinated in grade 16 
silica sand and subsequently 18 plants were transferred to a hydroponic 
system identical to the one described in experiment 1 for a 14 day 
acclimatization period . On 20 March 1992, 15 of the plants were 
transferred to 500 ml mason jars containing 0.16 mM Fe as FeEDTA. Three 
plants were harvested to give an initial foliar Fe concentration . 
Subsequently, three plants were harvested each day for five consecutive 
days for a daily record of shoot and root dry weight and foliar Fe 
concentration . The shoot material was cleaned as described in experiment 
1. Height , root length, number of leaves, and solution Fe concentration 
(determined by atomic absorption) were recorded on the first and last day 
of the experiment ; pH was recorded daily . At the termination of the 
experiment, the dried foliage was ground to pass through a 40 mesh screen 
and sent to Penn State University for complete elemental analy s is us ing 
ICP. Experiment 2 was repeated on 3 April 1992. 
Both experiments were conducted in a greenhouse under a shade clo t h 
with natural irradiance supplemented by high pressure sodium lamps (16 h . 
photoperiod , 73.9 umol•sec-l·m-2 no shade/ 16.6 umol•sec - l·m-2 with shade). 
The greenhouse was kept at 22C day/ 20C night (± SC) and 50 to 80% RH . 
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RESULTS AND DISCUSSION 
Experiment 1: Daily pH responses to 0.02, 0.08, or 0.32 mM Fe 
in solution 
There was no significant difference in height , root length, and 
number of leaves among the treatments (Table 1). Similarly, there was no 
difference in shoot or root dry weight among the treatments (P > F 0 . 7357 
and 0 . 6939, respectively). Height, root length and number of leaves 
increased throughout the experiment, indicating growth (Table 2) . 
A drop in pH was observed (Figure 1). The pH drop was the same 
before and after solution renewal . However, differences in pH were 
observed among the treatments (Table 1). with the 0.32 mM Fe nutrient 
solutions having lower pH values than the 0.08 mM Fe and 0.02 mM Fe 
nutrient solutions. By day 5 of the experiment , foliar abnormalities 
characteristic of Fe toxicity were observed on the plants treated with 0.32 
mM Fe. These plants also had higher foliar concentrations of Fe than the 
plants grown in 0.08 and 0.02 mM Fe in solution (Table 3) . Zinc was the 
only other ion to show differences in foliar concentrations among the 
treatments (at the 0.05 level), but no trend was observed. 
The capacity of the root to lower the pH of its environment is well 
documented in preferential cation uptake studies (Bienfait, 1985; Epstein, 
1972; Hewitt and Smith, 1974). When a cation is absorbed, such as NH4+ or 
Fe2+, H+ ions are released to balance the charge (Riley and Barber, 1971). 
It is possible that the observed drop in pH may have been due to the amount 
of NH4+ in tqe nutrient solution. However, if the drop in pH was only due 
to the amount of NH4+ in solution , there would have been no difference in 
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pH values among the treatments because all of the nutrient solutions 
contained the same amount of nitrogen . The nutrient solutions had a No 3-
to NH4+ ratio of 7 to 1. Hewitt and Smith (1974) reported that stability 
in pH values between 4.5 and 7 . 5 can be largely maintained by certain 
ratios of N03- to NH4+ (e.g . 4:1, 5:1, 10:1 etc). 
The plants grown in the higher solution Fe concentrations absorbed 
more Fe and as a result excreted more H+ ions into the nutrient solution in 
exchange for the Fe that was absorbed. This is evident from the lower 
solution pH values and the higher concentrations of Fe in the foliage of 
these plants. 
Experiment 2: Daily pH and Fe absorption responses to 0.16 mM Fe 
in solution 
No difference between the two runs of the experiment was observed so 
the data was pooled. Height, root length, number of leaves, and shoot and 
root dry weight increased (indicating growth) while Fe concentrations in 
solution decreased (Table 4). 
A decrease in pH was observed which was similar to the decrease in 
pH observed in experiment 1 (Figure 2). The plants lowered the pH slightly 
more at 0.16 mM Fe in solution (experiment 2) than at 0.32 mM Fe in 
solution (experiment 1). The plants used in experiment 2 had better 
developed root systems and more favorable growing conditions (mid-winter 
versus early spring) as compared to the plants used in experiment 1. The 
better root systems allowed for better absorption of Fe and more H+ efflux 
from the plants in exchange for Fe. 
Due to a shipping error, part of the foliar samples were lost. 
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Therefore, the data was incomplete and reliable conclusions could not be 
drawn. However; Fe concentrations in the foliage did increase as the 
experiment progressed (Table 5). 
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CONCLUSIONS 
In both experiments, higher concentrations of Fe were observed in the 
foliage of the plants grown in the higher solution concentrations of Fe . 
Similarly, these plants also had lower solution pH values. It is known 
that Fe is absorbed in exchange for H+ ions. It also is known that Fe is 
' 
more available at lower medium pH values (Latimer, 1952). Presumably, the 
increases in H+ in solution, evident by the decreases in pH, were the 
result of preferential Fe uptake. It cannot be determined if a mechanism 
to increase Fe availability also was functioning because Fe was supplied in 
a fully available form. 
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Table 1 . Probability > F to determine significance of Fe treatment, day, and treatment X day 
interaction for the measured parameters (Expt.l) 
Height Root Length Leaf No. pH 
Days Days Days Days Days Days Days 
1 to 7 8 to 14 1 to 7 8 to 14 1 to 7 8 to 14 1 to 7 
·Treatment 0.1048 0 . 1112 0 . 4488 0. 3873 0.2067 0. 2205 0 . 0141 
Day 0.0549 0 . 0022 0 . 1666 0.0002 0.0043 0 . 0001 0.0001 
Trt*Day 0.4101 0 . 2997 0 . 6919 0.5674 0.7479 0 . 6224 0.3900 
Days 
8 to 14 
.0 . 0173 
0.0001 
0.0065 
p. 
---J 
Table 2. Height (em), root length (em), and number of leaves averaged for the 4 plants tested for each 
treatment (Expt . 1) 
Treatmentz Day 
0 . 02 mM Fe 
0 . 08 mM Fe 
0.32 mM Fe 
1 
8 
14 
1 
8 
14 
1 
8 
14 
p > F 
Height .Root Length 
8.3 9.8 
9.4 10 . 2 
10.2 11.2 
7.8 11.1 
7.9 11 . 8 
9.3 12 . 2 
7 . 6 9.8 
8 . 6 11.3 
10.7 12.2 
0.0001 0.0066 
zNo significant differences in height, root length or leaf number among the treatments. 
Leaf No. 
8 
9 
11 
8 
9 
10 
8 
8 
10 
0 . 0001 
~ 
00 
Table 3. 
Treatment 
0.02 mM Fe 
0 . 08 mM Fe 
0 . 32 mM Fe 
p > F 
LSD (0.05) 
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Foliar nutrient concentrations that showed significant 
differences between Fe treatments (Expt. 1) 
% ug·g-1 
Ca Mn Fe Zn 
1. 87 57.3 103.0 63 .5 
1. 85 43.7 145 . 3 50 . 3 
2.11 56.7 262.3 68.0 
0.0681 0.0699 0. 0021 0 . 0118 
0.21 11.38 45 . 75 7.75 
Table 4. Height, root length, number of leaves, solution Fe concentration and shoot and root dry 
weight averaged for both runs of experiment 2 (no significant difference between runs) 
Day Height Root Leaf No. Fe cone. Shoot Dry Wt Root Dry Wt 
(em) Length solution (grams) (grams) 
(em) · (mg·1-1 ) 
1 5.0 5.3 5 7.27 0.13 0.03 
2 0.09 0.03 
3 0.13 0.03 
4 0.10 0.02 
5 0.16 0 . 04 
6 6.6 6.5 6 5.82 0 .23 0 . 03 
p > F 0. 4111 0.0815 0.0955 0.0318 0.5681 0.2929 
Vl 
0 
Table 5 . Daily foliar nutrient concentrations for run 1 and run 2 of experiment 2 
Nutrient Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
p (%) Run 1 0.50 0.60 0.62 SLz SL SL 
Run 2 0 . 48 0.53 SL 0.54 0 . 57 0 . 50 
K (%) Run 1 4 . 21 4 . 58 4.85 SL SL SL 
Run 2 4 . 03 4.04 SL 4.09 3 . 95 3.87 
Ca (%) Run 1 l. 58 l. 82 l. 67 SL SL SL 
Run 2 l. 63 l. 57 SL l. 63 l. 64 l. 57 
Mg (%) Run 1 0.44 0.49 0.50 SL SL SL 
Run 2 0.40 0.37 SL 0.38 0.37 0.35 
Mn (ug·g-1) Run 1 55.0 40.0 47.0 SL SL SL 
U1 
Run 2 42.0 39.0 SL 39.0 31.0 28 . 0 t-' 
Fe (ug·g-1) Run 1 125.0 126.0 161.0 SL SL SL 
Run 2 118.0 135 . 0 SL l30.0Y 128 . 0Y 111. oY 
Cu (ug·g-1) Run 1 7.0 7 . 0 8 . 0 SL SL SL 
Run 2 10 . 0 10 . 0 SL 10.0 10 . 0 7 . 0 
B (ug·g- 1 ) Run 1 52 . 0 49 . 0 50.0 SL SL SL 
Run 2 43 . 0 41.0 SL 49 . 0 51.0 39.0 
Zn (ug·g-1) Run 1 34.0 34.0 34.0 SL SL SL 
Run 2 29·.0 31.0 SL 30 . 0 27 . 0 23.0 
zsL = samples lost in shipping. 
Ysamples were less than 1 gram; less reliable measurement of Fe. 
7 
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LSD (0.05) = 0.30 
I 
2 4 6 8 
Day 
1 0 
Treatment (Fe in solution) 
• 
0.02 mM Fe 
0.08 mM Fe 
0.32 mM Fe 
Daily pH measurements as influenced by the amount of Fe in 
solution , averaged for the pH values taken before and after 
solution renewal 
c 
0 
~ 
0 
~ -c 
~ 6 -~ 
5 
c 
0 
I 
~ 
0 
Figure 2. 
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2 3 4 5 6 7 
Day 
Daily pH measurements at 0.16 mM Fe in solution (no significant 
difference between run 1 and 2, P > F 0.4436) 
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GENERAL SUMMARY 
The responses of Fe-efficient plants to Fe-stress situations are well 
documented . However, when some of these plants are placed into Fe-
sufficient environments, they can accumulate toxic quantities of Fe. 
Leucanthemum Xsuperbum cvs. Snow Lady and Alaska, Achillea, 
Aguilegia, and Dianthus were tested to determine if they would develop Fe 
toxicity problems when grown under high Fe concentrations. None of these 
perennials developed Fe toxicity, but the high concentrations of Fe induced 
other nutrient imbalances. Most notable were below normal foliar 
concentrations of Mn in all of the perennials, below normal foliar 
concentrations of Cu in Aguilegia, high foliar concentrations of B in 
Achillea, and high foliar concentrations of Fe in Pelargonium. However, it 
cannot be concluded that these perennials are not Fe-efficient, only that 
they do not absorb excessive quantities of Fe when supplied with high 
concentrations of Fe in solution . 
On the other hand, Pelargonium is an Fe-efficient plant that 
accumulates excessive quantities of Fe. A mass action effect was observed 
in which with the more Fe in solution, the more Fe that was absorbed by the 
plants. Decreases in pH were observed in the hydroponic studies conducted, 
with the greatest decreases occurring in the nutrient solution wi·th the 
higher Fe concentrations. However, the geraniums did not necessarily 
excrete H+ ions to make Fe more available . The pH drops were a secondary 
response to the excessive Fe uptake in Pelargonium (preferential cation 
uptake) .. 
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Continued research into the mechanism of excessive Fe uptake in 
geraniums and other Fe-efficient plants like geraniums needs to be done . 
Geraniums are an important greenhouse crop and if the mechanism of 
excessive Fe uptake can be determined, a method of control can be 
implemented. 
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APPENDIX A: EFFECTS OF HIGH CONCENTRATIONS OF EDTA ON 
HERBACEOUS PERENNIALS AND GERANIUM 
Introduction 
Ethylenediamine tetraacetic acid (EDTA), a chelate, was the first 
family of synthetic chelate compounds to be studied in plant nutrition 
(Stewart, 1963). Chelates bind with heavy metal ions and aid in the 
translocation and absorption of these ions . EDTA has a high affinity for 
Fe and forms a more stable chelate with Fe3+ than with Fe2+. In addition 
to its high affinity for Fe, EDTA also has a high affinity for Zn, Cu, and 
Ca (Stewart, 1963). 
The mechanism by which a plant utilizes Fe from stable Fe 3+ chelates 
remains a mystery . Two hypotheses exist: 1) Fe and chelator are separated 
before Fe is absorbed, or 2) Fe and chelator are absorbed together as a 
complex (Brown et al., 1958; Chaney et al., 1972; Tiffin and Brown, 1961). 
If Fe is supplied as FeEDTA at high concentrations to induce Fe 
toxicity, the question rises as to the effect of high concentrations of 
EDTA on the plants. One wants to be certain that the responses observed 
are due to high concentrations of Fe in solution and not high 
concentrations of EDTA in solution. The objectives of this study were to 
determine and document the responses of five perennials and Pelargonium to 
high concentrations of EDTA in solution . 
Materials and Methods 
Five perennials (Leucanthemum Xsuperbum 'Snow Lady', 1. Xsuperbum 
'Alaska', Achillea filipendulina Lam. 'Parker's Gold', Aguilegia Xhybrida 
Sims 'Bierdermeier', and Dianthus Xallwoodii Hort. Allw. 'Doris') and 
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Pelargonium Xhortorum 'Red Elite' were transplanted into a sand culture 
system. This study was run simultaneously with a study using the same 
plants treated with high concentrations of Fe. 
The plants were grown in 11.5 cm2 by 9.5 em tall (735 ml) nursery 
pots lined with fiberglass screen and filled with grade 16 silica sand. 
Plants were watered twice a day with modified Hoagland's solution No. 2 for 
two weeks before the EDTA treatments were started. This was done to insure 
that all of the plants were actively growing. 
EDTA treatments (0 . 02, 0.08, and 0.32 mM EDTA, 0.02 mM Fe as Fe 
citrate) were supplied twice daily for 46 days. Each treatment was 
replicated four times for each species tested and the plants were arranged 
in a randomized complete block design. Plants were grown under greenhouse 
conditions of 23C day/20C night (±SC) and 50% to 80% RH in the spring 
(natural daylength, 13 h). 
Plant height and leaf number were determined 1, 10, 29, and 46 days 
after treatments commenced. Observations of the plant shoots were made 
throughout the experiment for any sign of nutrient deficiency or toxicity 
symptoms. At the termination of the experiment, shoot and root dry weight 
were measured. The dried shoot material was ground to pass through a 40 
mesh screen and then sent to the Agricultural Analytical Services 
Laboratory at Penn State University (University Park, PA) for complete 
elemental analysis using an inductively coupled plasmaspectrophotometer 
(ICP) and Kjeldahl N test. Differences among the species, EDTA treatments 
and species X treatment interactions were analyzed by analysis of variance. 
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Results and Discussion 
The six species were different in all growth parameters measured 
(Table 1) as well as in all foliar nutrient concentrations (Table 2). 
Considering the diversity of the species tested, this was expected . 
The first indication of physiological disorder was smaller plants at 
the higher concentrations of EDTA (Table 3). All of the plants showed 
increases in height and number of leaves as the experiment progressed (data 
not reported), indicating growth . However, the plants treated with 0.32 mM 
EDTA were significantly smaller than those treated with 0.08 or 0.02 mM 
EDTA. 
Further indication of physiological disorder was observed 
approximately 10 days after treatments commenced as foliar abnormalities on 
all of the plants treated with 0.32 mM EDTA . All of the plants, except 
Pelargoniurn and Leucanthemum 'Snow Lady' had less than average foliar Mn 
concentrations (below 100 ug·g-1) at 0.02 and 0.08 mM EDTA in solution 
(Table 4). Achillea and Leucanthemum 'Alaska' had adequate foliar 
concentrations of Mn at 0 . 32 mM EDTA in solution. Nelson (1985) described 
Mn deficiency symptoms as interveinal chlorosis on young leaves. Only the 
Pelargonium plants treated with 0.08 and 0.32 mM EDTA in solution and all 
of the Aguilegia plants exhibited interveinal chlorosis. However, the 
chlorosis could have been associated with the low concentrations of Cu 
observed in the foliage (Table 4). Foliar Cu concentrations were less than 
3.0 ug·g-1 for all of the Aguilegia plants and less than 4.0 ug·g-1 for the 
Pelargonium plants treated with 0.08 and 0.32 mM EDTA in solution. 
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Orange-brown to reddish-brown necrosis observed along the leaf 
margins of mature Achillea leaves (typical B toxicity, Nelson, 1985) 
reflected the high concentrations of B reported in the foliage (Table 4). 
Foliar B concentrations were greater than 105 ug·g-1 for all of the 
Achillea plants treated. All of the plants tested had some marginal 
necrosis. In addition, all of the plants had high foliar concentrations of 
Na. Foliar Na concentrations were nearly double of those observed in the 
foliage of the plants in the Fe study. Considering that EDTA was supplied 
as a disodium salt, higher Na concentrations were expected. Hewitt (1966) 
reported that 10-3 M Naz-EDTA depressed growth, respiration, and catalase 
activity in sunflowers to about half of the normal activity. The decreased 
growth of plants treated with higher concentrations of EDTA in solution is 
partially attributed to the higher concentrations of Na in solution . 
In addition, the decreases in growth also can be attributed to 
induced nutrient imbalances produced by higher concentrations of EDTA in 
solution. Hewitt (1966) reported that EDTA depressed the uptake of Cu and 
Zn in tomato and mustard plants grown in water culture . Lower foliar 
concentrations of Cu were observed in the foliage of Pelargonium. Both the 
high Na concentrations in solution and the reduced availability of some of 
the ions could be the reason for the smaller plants treated with higher 
concentrations of EDTA. 
Conclusions 
The symptoms observed with high concentrations of EDTA in solution 
are different than those observed in the Fe study. Therefore, the symptoms 
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observed in the Fe study may have been due to the high concentrations of Fe 
in solution and -not EDTA . 
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Table 1. Probability> F to determine the significance of species, EDTA 
concentration in solution ( trea~ment) and species X treatment 
int~raction for the measured growth parameters. 
Species 
EDTA Cone. 
Species X 
Cone. 
Day 
Day X Cone. 
Day X Species 
Day X Species 
X Cone. 
Shoot Dry Wt. 
0.0001 
0.0001 
0 . 0001 
Zfor days 1, 10, 29 and 46. 
Root Dry Wt. 
0 .0001 
0 . 0286 
0.0239 
Heightz 
0 . 0001 
0.0161 
0 . 9896 
0 . 0001 
0 .0001 
0.0001 
0 . 8303 
Leaf No.z 
0 . 0001 
0. 0091 
0.0997 
0.0001 
0 . 0001 
0.0001 
0 .167 3 
Table 2. 
Species 
EDTA 
Cone. 
Species X 
Cone . 
Probability> F to determine the significance of species, EDTA concentration, and species X 
concentration interaction for the foliar nutrient concentrations 
N p K Ca Mg Mn Fe Cu B Zn Na 
.0001 . 0001 .0001 .0001 .0001 .0001 . 0001 .1090 .0001 .0001 .0001 
. 0704 . 0001 .7564 . 0001 .0001 .0905 . 7751 .6675 . 0001 . 0001 .0001 
. 0043 .0001 .0779 . 0001 .0001 .0034 .1336 .2326 .0001 . 0001 . 0224 
(J'\ 
-.._) 
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Table 3. Shoot and root dry weight as influenced by EDTA concentration 
in solution averaged for all of the species tested 
EDTA Concentration 
0.02 mM EDTA 
0.08 mM EDTA 
0.32 mM EDTA 
LSD (0.05) 
Shoot Dry Weight (g) 
6.1 
5 . 6 
3.9 
0.79 
Root Dry Weight (g) 
4.3 
5.4 
2.3 
2.4 
Table 4. Foliar nutrient concentrations for each species tested averaged over all EDTA concentrations 
X ug·g-1 
N p K Ca Mg Mn Fe Cu B Zn Na 
Leucanthemum 
'Snow Lady' 4 . 3 2.3 7.3 1.5 0.5 109.1 194.0 8.6 79.3 46.0 808 
Leucanthemum 
'Alaska' 4.4 1.6 7.1 1.3 0.5 93.2 141.1 9.0 73.5 32.2 635 
Achillea 
'Parker's Gold' 4.6 1.4 5.1 1.7 0.8 86.0 168 . 3 5.1 133.8 32.3 459 
Aguilegia 
'Bierdermeier' 4.0 0.7 4.6 1.1 0.4 52.9 167 . 8 3.3 80.1 24.9 384 
Dianthus 
'Doris' 2.9 0.6 3.8 1.2 0.4 42.5 129 . 8 5.5 56.1 35 . 3 1229 
"' 1.0 
Pe largonium 
'Red Elite' 3 . 9 1.5 4 . 4 2 . 9 0.6 127 . 3 380.1 4. 3 82.3 27 . 9 2016 
LSD (0 .05) 0.5 0.2 0.4 0 . 2 0.06 18 . 1 79.4 4.7 12.1 5.2 265 
Rangez 1.5 0.2 1.0 0.5 0 . 2 50 100 5 15 15 200 
to to to to to to to to to to to 
5.0 1.2 5.0 5.0 1.0 100 300 15 100 75 2000 
zBiernbaum et al., 1988 ; Epstein, 1972; Hewitt and Smith, 1974. 
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APPENDIX B: NUTRIENT SOLUTION PREPARATION 
Table 1 . Hoagland's Solution No.2 used in perennial study 
Chemical 
KN03 
Ca(N03)2•4H20 
NH4H2P04 
MgS04•lH20 
Micronutrient Stock 
Solution 
KCl 
H3B03 
MnS04 •H20 
ZnS04•lH20 
CuS04•5H20 
H2Mo04 
g chemical/ 
L stock solution 
101 .10 
236 . 16 
ll5.08 
246.46 
3. 73 
1. 55 
0 . 34 
0 . 58 
0 . 13 
0.08 
ml stock/ 
L nutrient solution2 
6 
4 
2 
1 
1 
2 pH of nutrient solution adjusted to pH 6.5 to 7 . 0 with lN NaOH 
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Table 2 . Iron stock solutions used in perennial study 
Fe Concentration g Fe EDT A/ ml stock/ 
·(mM) L stock solution L of nutrient solution 
0.02 7.34 1 
0 . 04 14.68 1 
0.08 29.36 1 
0.16 58.73 1 
0.32 117.46 1 
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Table 3. Hoagland's solution No . 2 used in Pelargonium study modified 
with 0 . 5 mM Mn 
Chemical 
KN03 
Ca(N03 ) 2•4H20 
NH4H2P04 
MgS04•lH20 
Micronutrient Stock 
Solution 
KCl 
H3B03 
MnS04•H20 
ZnS04 •7H20 
CuS04•5H20 
H2Mo04 
g chemical/ 
L stock solution 
101. 10 
236.16 
115.08 
246.46 
3. 73 
1. 55 
0 . 09 
0.58 
0.13 
0.08 
zpH of stock adjusted to pH 6.5 to 7 . 0 with lN NaOH. 
ml stock/ 
L of nutrient solutionz 
6 
4 
2 
1 
1 
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Table 4. Iron stock solutions used in Pelargonium Study 
Fe Concentration g FeEDTA/ ml stock/ 
(mM) L stock solution L of nutrient solution 
0.02 7 . 34 1 
0.08 7 . 34 4 
0.16 7.34 8 
0.32 7.34 16 
